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Programmed cell death is a critical process for the patterning and sculpting of organs during development. TheDrosophila arista, a feather-like
structure at the tip of the antenna, is composed of a central core and several lateral branches. A homozygous viable mutation in the thread gene,
which encodes an inhibitor of apoptosis protein, produces a branchless arista. We have found that mutations in the proapoptotic gene hid lead to
numerous extra branches, suggesting that the level of cell death determines the number of branches in the arista. Consistent with this idea, we have
found that thread mutants show excessive cell death restricted to the antennal imaginal disc during the middle third instar larval stage. These
findings point to a narrowwindow of development in which regulation of programmed cell death is essential to the proper formation of the arista.
D 2004 Elsevier Inc. All rights reserved.
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Programmed cell death is a physiological mechanism
employed by multicellular organisms to achieve and
maintain homeostasis. It is used to remove harmful,
damaged, or superfluous cells, and to sculpt emerging
structures during morphogenesis (Jacobson et al., 1997).
Selective cell death serves as one of the major mechanisms
for patterning during the development of complex animal
structures, often before individual cell fate decisions have
been made. In Drosophila, programmed cell death has been
shown to be required for refinement of the nervous system,
sculpting of the embryonic head, patterning of the eye,
destruction of larval tissues during metamorphosis, and
proper development of germ cells (Jiang et al., 2000;
Lohmann et al., 2002; McCall and Steller, 1998; Peterson et
al., 2002; Wolff and Ready, 1991).
The initiation of apoptotic cell death in Drosophila
generally requires the activity of three closely linked genes,0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: kmccall@bu.edu (K. McCall).reaper (rpr), head involution defective (hid, Flybase:
Wrinkled), and grim (Chen et al., 1996; Grether et al.,
1995; White et al., 1994). These three genes map to a
cytological region uncovered by the H99 deficiency (Df
(3L) H99). Flies homozygous for the H99 deficiency fail to
undergo apoptosis and consequently die as embryos (White
et al., 1994), while overexpression of rpr, hid, or grim
results in extensive cell death (Chen et al., 1996; Grether et
al., 1995; White et al., 1996). Rpr, Hid, and Grim share a
short region of homology at the N-terminus that is capable
of interacting with an inhibitor of apoptosis protein, Diap-1
(also known as Thread; reviewed in Bergmann et al., 2003;
Ditzel and Meier, 2002). This N-terminal region, termed an
IAP-binding motif (IBM) or RHG domain, is conserved
among other IAP-binding proteins in flies and mammals.
The IBM proteins promote apoptosis by binding to and
antagonizing IAPs, thereby liberating IAPs from inhibiting
caspases. In addition to their IAP binding function, Reaper
and Grim may also promote apoptosis by generally
inhibiting translation (Holley et al., 2002; Yoo et al., 2002).
Caspases are a family of cysteine proteases that are
required for the proteolysis of specific proteins during
apoptosis. They are synthesized as inactive zymogens and275 (2004) 82–92
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Seven caspases have been characterized in Drosophila.
Dredd, Dronc, and Strica are long prodomain initiator
caspases that are activated by interactions with upstream
adaptor molecules (Chen et al., 1998; Dorstyn et al., 1999a;
Doumanis et al., 2001). Dcp-1, Drice, Decay, and Damm are
short prodomain effector caspases that are cleaved and
activated by the initiator caspases (Dorstyn et al., 1999b;
Fraser and Evan, 1997; Harvey et al., 2001; Song et al.,
1997). Once activated, effector caspases target various
substrates including structural proteins, IAPs, and other
death inducing molecules (Fischer et al., 2003).
Thread (Th) binds caspases via its baculovirus IAP-
repeat (BIR) domains (reviewed in Bergmann et al., 2003;
Ditzel and Meier, 2002). Once bound, Th is thought to
trigger the degradation or inactivation of caspases by
ubiquitination, or by co-degradation of Th and caspases
via the N-end rule. This caspase-inhibitory function is
essential for cell viability, as complete loss of th, through
RNA interference or null mutation, results in widespread
caspase activation, massive apoptosis, and consequently
death of the embryo. This caspase activation is dependent
on the adaptor molecule Dark, as dark mutants suppress
apoptosis caused by loss of thread (Rodriguez et al., 2002).
The Drosophila antenna is a complex organ required for
hearing, thermosensation, hygrosensation, and olfaction
(Gopfert and Robert, 2000; Sayeed and Benzer, 1996;
Vosshall et al., 1999). It consists of three antennal segments,
with the first segment located most proximal to the head.
The arista, a feather-like structure derived from the third
antennal segment, consists of a central core of epidermal
cells and a series of lateral extensions. These lateral
extensions are actin-rich polarized structures that are not
innervated and are thought to be equivalent to hairs (He and
Adler, 2001).
The arista is derived from the eye-antennal imaginal disc
which undergoes significant cell proliferation during larval
stages, and final differentiation during pupal metamorpho-
sis. The mature third instar larval eye-antennal imaginal disc
consists of about 30,000 cells, 20–37% of which are
antennal (Postlethwait and Schneiderman, 1971). These
cells are organized into discrete concentric folds within the
antennal portion of the disc. Fate mapping has revealed the
approximate positions of the progenitors that will give rise
to the adult antennal structures, showing that the innermost
fold corresponds to the arista (Haynie and Bryant, 1986). As
metamorphosis begins, the cells of the innermost fold
telescope out to become the most distal portion of the
antenna. The central core of the arista begins its elongation
about 18 h after puparium formation (apf) and reaches its
final length about 30-h apf. At this stage, lateral outgrowth
begins from a subset of cells within the central core, with
one individual cell giving rise to each lateral (He and Adler,
2001). Although many aspects of aristal development
remain unclear, it is associated with several distinct cellular
processes including nuclear migration, outgrowth of lateralbranches by convergent extension, as well as programmed
cell death (He and Adler, 2001).
The thread locus was first discovered by Bridges in
1922, with the isolation of a homozygous viable mutant
(th1) with thread-like antennal aristae. The molecular
nature of the th1 mutation is still unknown; however it
behaves genetically as a recessive tissue-specific allele
(Hay et al., 1995). The th1 antennal phenotype has not
been well characterized and it remains unclear if it is
caused by excessive cell death or indicates a novel role for
the th gene. th1 mutants have a normal central core but
lack the lateral extensions (He and Adler, 2002). He and
Adler (2001) detected apoptotic nuclei along the emerging
central core of wild-type developing pupal aristae, how-
ever, th1 mutants did not show a significant increase in
apoptosis. Intriguingly, the th1 pupal aristae showed a
reduced number of cells compared to wild-type, suggesting
that excessive apoptosis may have occurred earlier in
development.
Here, we report that the regulation of cell death plays a
critical role in branching of the Drosophila arista. While
reduced aristal branching is seen in th1 mutants, we have
found the reciprocal phenotype, ectopic branches, in hid
mutants. This suggests that programmed cell death controls
the number of aristal branches formed in the antenna. In
addition, our analysis of th1 antennal imaginal discs has
shown that excessive cell death occurs during a brief period
during the middle of third instar larval development. We
have found that caspase activity is found more broadly than
apoptotic DNA fragmentation in th1 imaginal discs,
suggesting that the mutant fails to inhibit caspases in
several cells, but only a fraction succumb to apoptosis.
These findings point to a narrow window of development in
which regulation of programmed cell death is essential to
the proper formation of the arista.Materials and methods
Fly strains and genetic manipulations
All stocks were maintained according to standard
procedures at 258C. The y w67c23, th1(th st cp in ri pp),
UAS-p35 (Zhou et al., 1997), hidWR+X1 e/TM6B (Abbott
and Lengyel, 1991), and Df(3L)H99, ri sbd e/TM6B (White
et al., 1994) strains were obtained from Hermann Steller.
darkCD4 and darkCD8 (Rodriguez et al., 1999) strains were
obtained from John Abrams. UASp-thread (UASp-diap1)
flies were generated in the lab (Peterson et al., 2003). The
remaining strains were obtained from the Bloomington
Stock Center at Indiana University.
yellow white (y w) was used as the wild-type control. For
rescue experiments, the th1 chromosome was identified by
the absence of the balancer chromosome or using the closely
linked cp marker. To determine the genetic nature of the th1
mutation, th1 homozygous females were crossed to
Fig. 1. Aristal morphology in thread and hid mutants. (A) Wild type arista.
a, p, d indicate anterior, posterior and dorsal branches, respectively. (B)
Antenna of a th1 fly, lacking aristal branching. (C) Mutation in hid
(hidWR+X1/H99) causes ectopic branching along the posterior central core
and at the aristal tip. Typically, there are an additional 11–15 intermediately
sized laterals found along the posterior axis and the tip has approximately
3–5 extra smaller branches, while it lacks the longer tip laterals found in
wild type. (D) A second hid allele (hid05014/H99) shows a similar
phenotype to hidWR+X1/H99, although the laterals are shorter and thinner,
their antennae as a whole are smaller, and the central cores of the aristae are
about 75% the length.
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(Brizuela et al., 1994).
FRT80B H99 recombinants were generated and crossed
to H99 and hid mutants to confirm the presence of the H99
deletion. Mitotic clones for the H99 region were made with
the FLP/FRT system as described (Golic and Lindquist,
1989; Xu and Rubin, 1993). FLP expression was induced by
one or two 1-h heat shock treatments during larval
development. Aristae from flies of genotype y w HS-flp;
y+ FRT80B/H99 FRT80B were compared to aristae from
sibling controls and y w HS-flp; y+ FRT80B/piM75C
FRT80B flies.
Histology
Morphological criteria were used to stage imaginal discs.
TUNEL was conducted using the Apoptag kit (Serologicals
Corporation, Norcross, GA) as described in McCall et al.
(2004). Detection of incorporated digoxigenin was visual-
ized using an anti-digoxigenin antibody coupled to alkaline
phosphatase with NBT/BCIP as the chromogenic substrate
(Roche, Indianapolis, IN). Samples were viewed on an
Olympus BX60 microscope and photographs were taken
with film or an Olympus MagnaFire SP digital camera.
For antibody staining, eye/antennal imaginal discs were
dissected in Ringers and fixed in a mixture of 100 Al Pipes
buffer (0.1 M Pipes, 2 mMMgSO4, and 1 mM EGTA), 20 Al
37% formaldehyde and 500 Al heptane. Following several
washes with PBTx (PBS with 0.1% Triton-X), the samples
were incubated in 1.5% bovine serum albumin (BSA) in
PBTx for 10 min. The cleaved Caspase-3 antibody (Cell
Signaling Technology, Beverly, MA) was added at a dilution
of 1/1500 and left to incubate overnight at 48C. After washing
in PBTx, a 1:200 dilution of goat-anti-rabbit conjugated to
Cy3 (Jackson ImmunoResearch Labs, West Grove, PA) was
used as the secondary antibody and samples were allowed to
incubate for 2 h at room temperature. Following several
washes in PBTx, the discs were placed in Vectashield
mounting media containing DAPI (Vector Labs) and visual-
ized on an Olympus Fluoview confocal microscope.
Aristae were dissected in isopropanol. Using depression
slides and dissecting needles, the entire antenna was
separated from the head of the fly and transferred to a
tissue slide, allowing for the remaining isopropanol to
evaporate. A 1:1 ratio of Canada Balsam and methylsalicy-
late (Sigma, St. Louis, MO) was used for mounting. All
images were processed in Adobe Photoshop.Results
Mutations in thread and hid influence lateral formation in
the Drosophila arista
The Drosophila arista has a distinct and predictable
morphological pattern (Fig 1A). A wild-type arista consistsof a central core about 300 Am long and 10–20 Am in
diameter (Foelix et al., 1989). Projecting from this central
core of epidermal cells is a series of lateral extensions. There
are 3–4 long lateral branches (about 140 Am in length) on
the anterior side and 5–7 located posteriorly. In addition to
the long laterals, 5–7 smaller branches 20–30 Am in length
are found dorsally (He and Adler, 2001). The wild-type
arista terminates at its distal-most point in a characteristic
forked pattern.
To investigate the role of cell death in the arista, the
aristae of th1 and hid mutants were examined and compared
to wild-type aristae. Flies homozygous for the th1 mutation
have a distinctly different aristal pattern than wild-type (Fig.
1B). th1 mutants showed an almost complete lack of
branching, although the severity of this phenotype was
somewhat variable. Often, a few short extensions (usually
shorter than the dorsal laterals) could be seen projecting
from various locations along the central core although there
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sionally, the central core of th1 mutants terminated in a fork
yet the pattern was less pronounced than wild-type and
failed to elongate to the proper length.
Mutations in the H99 gene hid cause a decrease in cell
death (Grether et al., 1995; Yu et al., 2002). Although most
hid homozygotes die as embryos, some hemizygotes
survive to adulthood (Abbott and Lengyel, 1991). We
examined the aristae of flies carrying either the hidWR+X1 or
hid05014 mutation in trans to the H99 deletion and observed
an ectopic branching pattern in both alleles (Figs. 1C, D).
The antennae of hidWR+X1/H99 flies were generally larger
than wild-type and the aristae had a hairy appearance. While
the number and position of the anterior branches remained
similar to wild-type, the posterior aristae showed fewer long
lateral branches (about 3–4 versus 5–7 in wild-type) yet
produced several intermediately sized branches along the
dorso-posterior axis. These extra branches (typically 11–15
in number and averaging 100 Am in length) were longer
than the typical dorsal branches yet shorter than the anterior
and posterior branches of wild-type (Fig. 1C). In addition,
the ectopic branches were located very close to one another,
and often stemmed from the same, or an adjacent position
on the central core, differing from the regular spacing
accomplished in lateral formation in wild-type flies (Fig.
1A). Also, the hid arista did not terminate in the typical
forked pattern. Instead it split into approximately 4–5 small
branches arranged in a spiral fashion about the central axis.
Other hid allelic combinations examined (hid05014/H99 and
hidWR+X1/hid05014) showed aristal phenotypes similar to that
of hidWR+X1/H99 mutants (Fig. 1D and data not shown).Fig. 2. TUNEL labeling in the developing antennal disc. TUNEL-labeled wild
development. At the early (about 48 h) and early to middle (about 50 h) third instar
type (A and B) or th1 mutants (F and G). During the mid-third larval instar stage, th
increase in the number of apoptotic cells in the aristal progenitor cluster of the th1
stages of third instar larval development (N54 h), there is equal cell death in wild
presumptive arista. The arrow in (E) points to the innermost fold, from which the a
A, B, C, F, G, and H all correspond to the scale bar in A, while D, E, I, and J cEctopic cell death in th1 antennal discs occurs during a
precise timepoint in development
To determine if th1 mutants showed an increase in cell
death during larval development, eye/antennal discs were
labeled using the TUNEL technique which detects the
fragmented DNA characteristic of apoptotic cells. The third
instar larval stage begins at about 48 h post-hatching and
ends with the onset of pupariation at about 96 h (Demerec,
1950). During this time, there is a tremendous increase in
cell number as well as a dramatic alteration in tissue
organization. The shape of the disc changes from a leaf-like
configuration to a highly organized pattern of concentric
rings from which the aristal segment will derive.
During the earliest stages of third instar development
(beginning about 48 h post-hatching [h]), there was little or no
apoptotic death in the antennal discs of both wild-type and th1
mutants (Figs. 2A, B, F, G). In contrast, during the middle
third instar stage (about 54 h), there was a considerable
increase in the number of apoptotic cells near the aristal
progenitor cell cluster in th1 discs (an average of 53.3 cells)
compared to wild-type (2 cells; Figs. 2C, H, and Table 1).
After this middle stage of third instar development (after 54
h), the folds of the antennal disc become clearly defined
(Demerec, 1950). During this time, there was no difference in
TUNEL staining between wild-type and th1 flies (Figs. 2D,
I). Similarly, throughout the final stage of larval development
(N80 h), just before pupariation when the disc is fully mature,
there appeared to be no difference in the pattern of cell death
between wild-type and th1 discs (Figs. 2E, J). Thus, th1
mutants show a stage-specific increase in cell death at abouttype (A–E) and th1 (F–J) eye/antennal discs during third instar larval
stages of development, there is little or no death in the antennal disc in wild
ere is little apoptotic death in wild type discs (C), but there is a considerable
mutant (H) during this period of development (about 54 h). During the later
type (D and E) and th1 (I and J) eye/antennal discs, but very little in the
rista will derive. Scale bars in (A and E) represent 10 Am. Magnification in
orrespond to the scale bar in E.
Table 1
Number of TUNEL vs. caspase-3-labeled cells
Stage (h) TUNEL Caspase-3
Wild-type thread1 Wild-type thread1
52 1.5 5.0 1.7 22
54 2.0 53.3 1.3 60
62 2.0 3.2 3.0 167
N80 23 25 14 15
Cell counts from at least five discs were averaged for each stage.
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pupal aristae and subsequent decrease in lateral branches in
the adult arista (He and Adler, 2001).
Caspase-3 activity is more widespread than TUNEL
labeling in th1 antennal discs
The cleaved Caspase-3 antibody detects the large frag-
ment of activated Caspase-3, one of the key executioners of
apoptosis in mammals. This antibody labels dying cells in
Drosophila and may specifically recognize the effector
caspase Drice (Brennecke et al., 2003). We performed
antibody staining on third instar imaginal discs to determine
if the pattern of caspase activity in th1 mutants reflects a
similar pattern of death as that observed through TUNEL
analysis. Confocal images were combined with a trans-
mission overlay to distinguish the localization of caspase
activity in the presumptive aristal cells (Fig. 3).
During the earliest stage of third instar antennal disc
development (48 h), there was very little caspase activity in
the antenna of both wild-type and th1 mutants (Figs. 3A, F),
paralleling the TUNEL results obtained for this stage. Also,Fig. 3. Expression patterns of caspase activity in the antennal disc. Third instar an
with anti-caspase-3 and viewed with confocal microscopy with a transmission ov
caspase activity in wild type (A) or th1 mutants (F). At the early to mid-stage of de
but caspase activity is detected in the antennal discs of th1 mutants (G). At the mid-
type flies (C and D), there is very little caspase activity, while there is a dramatic
Therefore, caspase activity occurs earlier, later and more broadly than TUNEL la
activity in the antennal disc of both wild type (E) and th1 mutants (J). The arrow i
were taken at the same confocal settings and at 400 magnification.at the final stage of larval antennal disc development (N80
h), there were few cells displaying caspase activity, with no
distinguishable difference between discs of wild-type or th1
mutants, again consistent with the pattern revealed by
TUNEL labeling (Figs. 3E, J). However, throughout the
middle stages of the third larval instar, at approximately 50–
65 h, there was a distinct difference between the patterns of
TUNEL and caspase activity in th1 mutants (Figs. 3B–D,
G–I). Excessive caspase activity in th1 mutants began in the
antennal disc during the early-mid larval stage and
continued intensely through the middle stages (Figs. 3G–
I). In contrast, wild-type larvae during this same time period
showed no significant caspase activity in the antennal disc
(Figs. 3B–D). Surprisingly, the caspase activity seen in th1
mutants was detected more broadly than TUNEL, both
spatially and temporally (Table 1). Upon examination of the
eye portion of the disc, we found anti-Caspase-3 staining to
mimic the pattern of TUNEL labeling in wild-type and th1
flies during all stages of disc development (data not shown).
These findings suggest that although caspases are activated
in a large population of antennal disc cells in th1 mutants,
only a fraction of these will become TUNEL-positive.
th1 is a loss of function allele
Because the molecular nature of the th1 mutation is
unknown, it was necessary to confirm that the arista
phenotype was due to a loss-of-function for thread. We
crossed the th1 strain to a fly strain carrying a chromosomal
deficiency for the thread region, combined with a thread+
duplication on the Y chromosome (Brizuela et al., 1994).
Females that carried the deficiency in trans to th1 and lacked
the duplication, displayed the th1 aristal phenotype (Fig.tennal discs of wild type (A–E) and th1 mutants (F–J) were immunolabeled
erlay. During the early third instar stage (about 48 h), there is little or no
velopment (about 52 h), there is little or no staining in the wild type disc (B)
stage (54 h) and the mid-late stage (62 h) of third instar development in wild
increase in caspase activity in th1 mutants at these same stages (H and I).
beling. At the latest stages of development (N80 h), there is little caspase
n (E) points to the fold of cells from which the arista will derive. All images
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males carrying the duplication on the Y, displaying a
perfectly formed arista with the correct branching config-
uration (Fig. 4B). Thus, th1 acts as a loss-of-function allele.
To further investigate the nature of the th1 allele, we
carried out rescue experiments by expression of the thread
cDNA, using a UASp-thread construct (Peterson et al.,
2003) driven by Gal4-T80 which shows robust expression
in all imaginal discs (Wilder and Perrimon, 1995). While
expression of Gal4-T80 alone did not affect the th1
phenotype (Fig. 4C), homozygous th1 mutants carrying
one copy each of the UASp-thread and Gal4-T80 transgenes
showed a partial rescue of lateral branches of the arista
(Figs. 4D, E). However, these rescued branches were very
short and located only along the posterior of the arista.
We also wanted to determine if overexpression of thread
in a wild-type background was sufficient to create ectopic
branches. We found that flies carrying one copy each of the
UASp-thread and Gal4-T80 transgenes showed ectopic
branches of intermediate lengths along the central core
(Fig. 4F). These branches were smaller than the typical
posterior branches, yet larger than the small dorsal laterals.
In addition, the spacing between laterals was inconsistent. In
wild-type aristae, there is an evenly spaced, predictable
pattern to the branches. When thread was overexpressed,
the branches crowded together and oftentimes projected
from the same position on the central core. Control flies
carrying only one of either transgene did not show ectopic
laterals (data not shown). Thus, over-expression of thread
was sufficient to induce ectopic branches in the arista.
Likewise, we wanted to determine if overexpression of
the caspase inhibitor p35 (Bump et al., 1995; Xue and
Horvitz, 1995) would result in ectopic branches. Surpris-
ingly, we were unable to generate a phenotype with UAS-
p35 and the Gal4-T80 driver or multiple other Gal4 lines.Fig. 4. th1 is a loss-of-function mutation. (A) Female of genotype th1/Df (3L)th102
Dp(3;Y)L131-D3 has a wild type arista, showing rescue of the th1 phenotype. (C)
show partial rescue of the thread phenotype, with an increase in the number of lat
laterals are produced. In (D), the tip is forked, yet the laterals are undersized and
The arista in (E) has a shorter central core and a lack of anterior laterals, but the p
thread/Gal4-T80 flies (wild-type background) have ectopic branches along the ceTo show that adequate levels of p35 were being achieved in
the antennal disc, acridine orange staining (Abrams et al.,
1993) was performed on UASp35/Gal4-T80 imaginal discs.
We found that the number of dying cells was significantly
reduced compared to wild-type, but not entirely absent (data
not shown). An incomplete block of cell death by p35 has
been reported by others (Karim and Rubin, 1998; Mirkovic
et al., 2002), suggesting that some cells may die independ-
ently of p35-inhibitable caspases (Yu et al., 2002). Thus, the
lack of ectopic branches may be due to the residual cell
death seen in the p35-expressing flies, and/or compensatory
mechanisms operating later during development. Addition-
ally, we overexpressed p35 using dll-Gal4. Previously, this
genetic combination was shown to lead to small ectopic
laterals (He and Adler, 2001). However, we found that the
aristae of UAS-p35/dll-Gal4 flies were truncated and these
flies were also missing their distal-most tarsal segments
(data not shown). These same phenotypes were observed in
flies carrying only the dll-Gal4 driver, suggesting that these
effects were not due to p35.
Mutations in dark suppress the th1 phenotype
Previously, mutations in the caspase activator dark have
been shown to suppress apoptosis as well as developmental
defects caused by loss of thread function in the embryo,
eye, and ovary (Rodriguez et al., 2002). To further
demonstrate that the th1 phenotype was due to excessive
apoptosis, we tested whether mutations in dark could also
suppress the th1 aristal phenotype. Flies homozygous for
darkCD4, a strong hypomorphic allele (Rodriguez et al.,
1999), showed completely normal aristae, suggesting that
the level of Dark activity in this allele was sufficient for
normal patterning (Fig. 5B). The aristae of flies doubly
mutant for darkCD4 and th1 (Figs. 5C–D) showed ahas a branchless aristal phenotype. (B) Male of genotype th1/Df(3L)th102;
Gal4-T80; th1 control antenna. (D and E) UASp-thread/Gal4-T80; th1 flies
erals, although they are not of the correct length. However, still no anterior
more equivalent to the typically smaller sized dorsal branches of wild type.
osterior branches appear to be positioned similarly to wild-type. (F) UASp-
ntral core, typically projecting from adjacent positions (arrows).
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compared to the th1 mutants (Fig. 5A), consistent with dark
acting downstream or in parallel to thread, as has been
shown in other tissues. However, the darkCD4; th1 aristae
were abnormal, showing no consistent pattern either in the
length of laterals or in distribution. Furthermore, the laterals
were often forked, suggesting that the cytoskeleton was
perturbed in these cells.
Mitotic clones of the H99 deficiency in the arista generate
ectopic branches
hid is one of three cell death activators that map to the
H99 region, and these activators have been shown to actFig. 5. Abnormal aristal branching in dark; thread1 double mutants. (A)
Homozygous th1 mutants lack aristal branches. (B) darkCD4 mutants have
normally developed aristae. (C and D) darkCD4; th1 double mutants restore
aristal branching but in an abnormal pattern. Both anterior and posterior
laterals are generated but they suffer defects in lateral length and placement
along the central core, and they are often forked. In (C), there are too many
laterals and they are short and crowded together. In (D), the tip more closely
resembles wild-type and the spacing appears to be more consistent, yet
some posterior and anterior branches are forked (arrows). Similar
phenotypes were generated with darkCD8 (data not shown).synergistically during cell death of the midline glial cells
(Zhou et al., 1997). To determine if removal of all H99
genes showed an aristal phenotype more severe than hid
alone (Figs. 1C, D), mitotic clones of H99 were generated
using the FLP/FRT system (Xu and Rubin, 1993). We used
the yellow ( y) gene as a marker for clones, where
homozygous mutant tissue would be y in a y+ background.
Mitotic clones were produced at a variety of devel-
opmental stages by inducing the expression of flippase
under the control of a heat shock promoter (HS-flp, see
Materials and methods). Heat shock treatments of y w HS-
flp; y+ FRT80B/H99 FRT80B larvae resulted in flies with
ectopic aristal branches resembling flies that overexpressed
thread, although not as severe as hid (Fig. 6). Typically,
these extra branches were of an intermediate length between
the anterior/posterior and dorsal sized laterals, and they were
located at the most proximal positions along the central core
(Fig. 6C). Some flies also displayed an additional abnor-
mality: extra smaller dorsal-like branches crowded along the
central core (Fig. 6D). As shown in Table 2, 221 aristae
from flies carrying H99 mitotic clones were scored and
76.9% were found to have one or more abnormalities (at
least one ectopic branch). Ectopic branches were found to be
very close to one another (often projecting from the same
position) and lacked the conventional spacing found in wild-
type aristae. In addition, the distal-most tip of aristae from
flies carrying H99 mitotic clones had multiple smaller
extensions (Figs. 6F, G), similar to hid mutants (Figs. 1C,
D). This is in sharp contrast to wild-type aristae which
terminate in a distinct forked pattern with three branches
(Fig. 6E). Interestingly, we found that ectopic branches were
not restricted to yellow tissue, suggesting that they could
have arisen from heterozygous cells. While some branches
were clearly y, others appeared to be y+. Additionally, as
seen in hid mutants and with thread overexpression, ectopic
branches were never observed on the anterior side. As a
control, mitotic clones were generated from a wild-type
FRT-carrying chromosome (Fig. 6A) and, as expected, no
ectopic branches were seen. Again, y clones in the arista
were difficult to distinguish (Fig. 6A). Siblings of the H99
mitotic clone flies were also used for comparison and did
not show ectopic branches (Table 2, Fig. 6B). Thus,
although ectopic branches were observed in flies carrying
H99 clones, the phenotype was not more severe than loss of
hid alone, suggesting that hid is the major regulator of
apoptosis in the arista.Discussion
Apoptosis is a fundamental quality control and repair
mechanism that contributes to high levels of plasticity
during animal development. Apoptosis is required for
maintaining homeostasis, organism survival, and on a
smaller scale, it is also required for fine-tuning cell numbers
and sculpting during tissue morphogenesis. In this report,
Fig. 6. H99 mitotic clone analysis. (A) y w HS-flp; y+ FRT80B/piM75C FRT80B (control) mitotic clones, show normal aristal branching, lacking any ectopic
branches. (B) Control siblings from the H99 mitotic clone cross, y w HS-flp; y+ FRT80B/TM2 or y w HS-flp; H99 FRT80B/+ flies also show normal aristal tips
and no ectopic laterals. (C and D) Flies carrying H99 mitotic clones (y w HS-flp; y+ FRT80B/H99 FRT80B) show several ectopic laterals of an intermediate
length and are located most proximally along the central core (arrows). (E) Wild-type aristal tip. (F and G) y w HS-flp; y+ FRT80B/H99 FRT80B aristal tips
with multiple ectopic branches and a phenotype similar to hid mutants. In (F), the central core splits off into two main branches that each in turn split off into at
least two branches, creating a bhairyQ tip. (G) reveals a similar phenotype and shows that these extra branches are significantly shorter than wild type tip
branches.
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of the antennal arista. We have found that flies carrying a
specific mutation (th1) in the anti-apoptotic gene thread
have a branchless arista and excessive cell death in the larval
antennal imaginal disc. Furthermore, loss-of-function muta-
tions in the apoptotic activator gene hid cause ectopic
branches in the arista. Taken together, our results suggest
that an inhibition of apoptosis is required for lateral branch
formation in the antennal arista.
Previous analysis of the th1 mutant revealed a decrease
in cell number by pupal stages, suggesting that excessive
apoptosis could have occurred earlier in development (He
and Adler, 2001). Indeed, we have determined by TUNEL
analysis that th1 mutants show a dramatic increase in
apoptosis compared to wild-type at a specific developmen-
tal timepoint, the middle third larval instar. Interestingly,
we find caspase activity to be more extensive than TUNEL
labeling, suggesting that caspases are activated in many
antennal cells, but only a fraction succumb to apoptosis.
This may indicate that there are other protectors actingTable 2







yw HS-flp; y+ FRT80B/piM75C FRT80B
70 2.9
H99 mitotic clones
yw HS-flp; y+ FRT80B/H99 FRT80B
221 76.9
sibling control
yw HS-flp; y+ FRT80B/TM2 or H99 FRT80B/+
142 14.0downstream of caspase activation when inhibition by
Thread fails. Alternatively, because this antibody detects
processed effector caspases, the th1 mutant may not be able
to inhibit caspase processing but may be able to inhibit
enough caspase activity to prevent apoptosis. The increase
in caspase activity that we observe is limited both spatially
and temporally, such that by the late third larval instar, th1
discs show wild-type levels of immunolabeling. The
ectopic caspase activity is also limited to the antennal
portion of the eye-antennal disc, suggesting that thread
activity or caspase inhibition is regulated differently in the
eye and the antenna.
One of the best-characterized activators of apoptosis in
Drosophila is head involution defective or hid. Hid is
thought to promote apoptosis by binding to Th, displacing
it from caspases and triggering its auto-ubiquitination
(reviewed in Ditzel and Meier, 2002). hid mutants have
been shown to have excessive cell numbers in the
embryonic CNS and the adult eye (Grether et al., 1995;
Yu et al., 2002). Here, we have shown that hid mutants
have numerous ectopic lateral branches in the posterior
antennal arista. Mitotic clones of Df(3L)H99 did not
appear to have more branches than hid mutants alone,
suggesting that hid is the primary regulator of cell death in
the arista, as it is in the eye (Yu et al., 2002). Consistent
with this idea, reaper mutants (Peterson et al., 2002) only
showed a mild aristal phenotype (data not shown). We
additionally tried to alter the amount of cell death in the
arista by expression of reaper, hid, grim, or dcp-1, but we
found that high levels of expression tended to result in
lethality and lower levels of expression did not produce
phenotypes.
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laterals on the anterior side of the arista, indicating that the
anterior laterals could be regulated by a distinct apoptotic
activator, or may be formed through an apoptosis-inde-
pendent mechanism. However, because th1 mutants lack
anterior laterals, and dark; th1 double mutants show ectopic
anterior laterals, it is likely that an apoptotic mechanism is
indeed involved. Our rescue experiments indicate that a
higher level of thread expression is required for anterior
lateral formation, suggesting that there may be a potent
apoptotic activator that can overcome low levels of Th
present in the cells that give rise to the anterior laterals.
Alternatively, different cohorts of caspases may be acti-
vated in the anterior and posterior cells, and the caspases in
the anterior cells could require a higher level of Th for
inhibition.
Our results with hid and th mutants suggest that an
inhibition of cell death is required for lateral formation.
This could be a direct effect, with a particular dying cell
influencing the fate of a neighboring cell. Alternatively, the
role for cell death could be more indirect, as suggested by
He and Adler (2001), simply affecting the total number of
cells, which in turn could determine whether a lateral will
form or not. Indeed, th1 mutants have reduced cell numbers
in the pupal aristae compared to wild-type (He and Adler,
2001), consistent with our observations of considerable
apoptosis in the mid-third instar larval stage. Further
support for the cell number hypothesis comes from our
observations of non-autonomy in H99 mitotic clones in the
arista. While we were able to detect ectopic branches in the
H99 mosaics, these branches were not always marked with
yellow, suggesting that they arose from heterozygous (or
homozygous) yellow+ cells. Thus, the H99 clones may
increase the total cell number in the developing aristae, but
the specific cells that give rise to branches could be either
homozygous or heterozygous for H99. How cell number
influences lateral formation is unclear. It could involve
lateral inhibition or lateral specification (Greenwald, 1998),
where signaling cells induce adjacent cells to produce
branches, and branch-producing cells block that fate in their
neighbors. There may be a minimal number of cells
required for basic support and extension of the arista; th1
mutants may have only this minimal number of cells, with
no extra cells available for branch production. Alterna-
tively, the th1 cells could be unable to produce lateral
extensions due to cellular damage from insufficient caspase
inhibition.
The ectopic laterals observed in hid mutant aristae are
intermediate in length and thickness compared to the long
and short wild-type laterals. In addition, the normal longer
branches in hid mutants are often shorter and thinner than
wild-type. As the laterals are thought to be formed as actin-
rich projections of single cells, it is unclear how perturbing
apoptosis could influence the length of the lateral. One
possibility is that an increased cell number could lead to
crowding or an overall decrease in cell size. The cell sizecould then influence the amount of cellular material
available for the lateral projection. Alternatively, the
bundeadQ cells that survive abnormally may have ill-defined
cell fates or lack sufficient cytoskeletal proteins to generate
long lateral branches. Several caspase targets are regulators
of the actin cytoskeleton (Fischer et al., 2003), so increases
in caspase activity might perturb the cytoskeleton, even
though the caspase activity is not high enough to cause
apoptosis. Similarly, the split laterals seen in the dark; th1
mutants could arise from cellular abnormalities.
We have found that th1 antennal imaginal discs show
increased apoptosis at a specific developmental timepoint,
suggesting that regulation of th is critical in these cells. This
developmental stage is characterized by rapid cell divisions
and the establishment of cell fates. Key regulators of distal
antennal fates are the transcription factors Distalless (Dll)
and Homothorax (Hth) (Dong, 2000). Coexpression of Dll
and hth is sufficient to induce aristal transformations in leg,
wing, head, and genital disc derivatives, accompanied by
misexpression of spalt, a gene normally expressed in
antennal but not leg discs (Dong et al., 2000). spalt and
several other genes have been identified as targets of Dll
and/or hth, however, most of these genes appear to be
expressed in the proximal antenna, largely excluded from
the presumptive arista (Dong et al., 2002). One exception is
spineless, which is expressed in the aristal primordia during
larval stages (Duncan et al., 1998). spineless mutants show
antennal to leg transformations, suggesting that its normal
function is to repress leg and promote antennal fates. It
remains unclear how such patterning genes could produce
cell fates that are specifically susceptible to loss of Th.
Perhaps these genes could directly regulate th levels
transcriptionally or post-transcriptionally, and the th1
mutant may have a mutation in a corresponding region.
The molecular nature of the th1 mutation is currently
unknown. The th1 mutation behaves like a loss-of-function
allele, displaying the aristal phenotype in trans to a
deficiency and being rescued by a duplication for the
chromosomal region. The coding sequence of the th1 allele
is reported to lack any obvious mutations, although the
appropriate background strain is unknown (Hay et al.,
1995). Further investigation will be required to determine if
any observed amino acid changes affect the protein
function. There are three reported transcripts of th initiating
from distinct promoters (The Flybase Consortium, 2003),
but the tissue-specificity of these transcripts has not been
reported in detail. Perhaps, the th1 mutation could disrupt
one of the transcript variants that is primarily expressed in
the presumptive arista, lowering the Th protein levels below
a certain level necessary for maintaining caspase inhibition.
The spontaneous nature of the th1 mutation suggests that it
could be caused by the insertion of a transposable element,
which could potentially disrupt specific transcripts. Future
molecular analysis of the th1 mutation will contribute to the
understanding of the role of cell death in patterning the
antennal arista.
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